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The use of high oxygen concentrations is frequently necessary in the treatment of acute respiratory distress syndrome (ARDS) and
bronchopulmonary dysplasia (BPD). High oxygen concentrations, however, are detrimental to cell growth and cell survival. Glutamine (Gln)
may be protective to cells during periods of stress and recently has been shown to increase survival in A549 cells exposed to lethal
concentrations of oxygen (95% O2). We found that supplemental Gln enhances cell growth in A549 cells exposed to moderate concentrations
of oxygen (60% O2). We therefore evaluated the effect of moderate hyperoxia on the cell cycle distribution of A549 cells. At 48 h there was
no significant difference in the cell cycle distribution between 2 mM Gln cells in 60% O2 and 2 mM cells in room air. Furthermore, 2 mM
Gln cells in 60% O2 had stable protein levels of cyclin B1 consistent with ongoing cell proliferation. In contrast, at 48 h, cells not
supplemented with glutamine (Gln) in 60% O2 had evidence of growth arrest by both flow cytometry (increased percentage of G1 cells) and
by decreased protein levels of cyclin B1. G1 growth arrest in the Gln
 cells exposed to 60% O2 was not, however, associated with induction
of p21 protein. At 72 and 96 h, Gln cells in 60% O2, began to demonstrate a partial loss of G1 checkpoint regulation and an increase in
apoptosis, indicating an increased sensitivity to oxygen toxicity. Glutathione (GSH) concentrations were then measured. 2 mM Gln cells in
60% O2 were found to have higher concentrations of GSH compared to Gln
 cells in 60% O2, suggesting that Gln confers protection to the
cell during exposure to hyperoxia through up-regulation of GSH. When cells in 60% O2 were given higher concentrations of Gln (5 and 10
mM), cell growth at 96 h was increased compared to cells grown in 2 mM Gln (P < 0.04). Clonal survival was also increased in cells exposed
60% O2 and supplemented with higher concentrations of Gln compared to Gln
 cells in 60% O2. These studies suggest that supplemental
glutamine may improve cell growth and cell viability and therefore may be beneficial to the lung during exposure to moderate concentrations
of supplemental oxygen.
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1. Introduction oxia [1]. Furthermore, studies have shown that hyperoxiaIt is often necessary to use high oxygen concentrations in
the treatment of acute respiratory distress syndrome (ARDS)
and bronchopulmonary dysplasia (BPD). Hyperoxia, how-
ever, can be toxic to the lung and can further exacerbate
underlying lung injury. The detrimental effects of hyperoxia
on the lung depend on the concentration, the length of
exposure, the existence of underlying lung disease and the
age of the individual.
In the lung, alveolar epithelial and capillary endothelial
cells have been shown to be particularly sensitive to hyper-0925-4439/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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E-mail address: smorrow@jhmi.edu (S.A. McGrath-Morrow).can inhibit DNA synthesis in type 2 epithelial lung cells, in
vitro, and in cells from neonatal mouse lung [2–5]. The
inability of these cells to effectively neutralize free oxygen
radicals may contribute to the increase in cell death and
growth impairment in cells exposed to hyperoxia.
Under physiologic conditions, the antioxidant mecha-
nisms in the cell can normally protect against free oxygen
radical damage. With hyperoxia, however, the production of
reactive oxygen species (ROS) in the cell may exceed the
antioxidant capacity of the cell [6–8]. Increased levels of
ROS can cause growth inhibition, ATP depletion, DNA
damage and cell death by apoptosis or necrosis [9,10].
Additionally, hyperoxia can induce growth inhibition
through induction of the cell cycle regulatory genes
p21Waf1/Cip1/Sdi1 and p53 [1,11].
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of hyperoxia on the lung and pulmonary cells using lethal
doses of hyperoxia (>95%) [2,4,11–14]. More commonly,
however, sublethal levels of hyperoxia are administered to
patients in the clinical setting in an effort to limit oxygen
toxicity to the lung. Therefore, studying the relationship
between the concentration of hyperoxia and the develop-
ment of lung injury is important in order to optimize
successful therapy and limit potential side effects. Previous
studies have shown that sublethal hyperoxia can impair cell
proliferation, doubling times, reduce clonal cell growth and
induce premature senescence [15–19]. The concentration of
oxygen that inhibits cell growth may, however, be depen-
dent on the cell type. For instance, the B-cell line (TK6) can
grow in oxygen concentrations up to 215 mm Hg without
growth inhibition [20]. In another study, mixtures of fetal
lung cells demonstrated impaired cell growth with oxygen
concentrations of 50% and in adult rat lung, biochemical,
morphological and physiological evidence of early lung
injury was found with oxygen concentrations between
60% and 85% [21–23].
In the lung, Gln is released during periods of sepsis [24].
We and others have reported that lung epithelial cells
exposed to lethal concentrations of oxygen have improved
survival when supplemented with higher concentrations of
Gln [14,25]. Few studies, however, have evaluated the effect
of supplemental Gln on survival and growth of cells given
sublethal concentrations of hyperoxia. Therefore, we hy-
pothesized that supplemental Gln will enhance cell growth
and survival in lung epithelial cells exposed to sublethal
concentrations of hyperoxia.
Gln is the most abundant amino acid in the body and is
an important respiratory substrate for rapidly dividing cells
(i.e. intestinal and tumor cells) [26–29]. Gln oxidation
provides up to 40% of the energy requirement of fibroblasts
[30–32]. Gln enters the Krebs cycle via the a-ketoglutarate
complex, however, oxygen poisoning can cause inactivation
of this complex, leading to decreased mitochondrial ATP
synthesis and increased glycolytic ATP synthesis [10,25].
Gln has been associated with maintenance of ATP, GSH and
BCL-2 levels in the cell [25].
Although the detrimental effects of hyperoxic lung injury
have been known for many years, strategies for attenuating
damage or enhancing repair of pulmonary cells have been
marginally effective in clinical studies [33,34]. Therefore,
efforts are made to use the lowest concentration of supple-
mental oxygen and still maintain adequate oxygenation. The
actual level of hyperoxia that can be used safely in the lung
is not known. In clinical settings, attempts are made to
reduce oxygen concentrations to 60% or below. In order to
better understand the effect of moderate hyperoxia on lung
epithelial cells, we used A549 cells, a pulmonary cell line
with type 2 epithelial cell features, and exposed them to
60% hyperoxia. We evaluated the effect of supplemental
Gln and 60% hyperoxia on specific cell cycle proteins,
including p21Cip1/WAF1/Sdi (p21) and cyclin B1. We alsoevaluated the effect of supplemental Gln and 60% hyperoxia
on glutathione levels and clonogenic survival. We found
that A549 cells in 60% O2 grew at a slower rate than cells in
room air but unlike cells grown in 95% O2, they did not
undergo complete growth arrest. Furthermore, in contrast to
cells exposed to 95% O2, A549 cells exposed to 60% O2 for
48 h did not exhibit significant alterations in cell cycle
distribution compared to cells in room air. Finally, when
cells were treated with higher concentrations of Gln (5 and
10 mM), they had improved cell growth and survival in 60%
hyperoxia.2. Materials and methods
2.1. Cell lines
A549 cells were obtained from American Type Culture
Collection (ATTC, Rockville, MD). They were grown to
50% confluence in Ham’s F-12 media (Cellgro) with 10%
fetal bovine serum (FBS), and penicillin/streptomycin (100
U/ml). T25 flasks were seeded equally (100,000 cells) and
cells were grown for 2 days in room air and 5% CO2
before being placed in hyperoxia and 5% CO2. Cells were
placed in either a modular incubator chamber (Billups-
Rothenberg, del Mar, CA) and gassed with either 60% or
95% O2 and 5% CO2 daily or placed in room air and 5%
CO2. Cells were fed and re-gassed daily. Cells were given
different concentrations of supplemental glutamine ranging
from 0 to 10 mmol (mM) (Gibco/BRL). Since all cells
received 10% serum, cells given no supplemental Gln
contained approximately 0.057 mM Gln concentrations in
the cell media. At 24, 48, 72 and 96 h, cells were
harvested for cell counting. Cell counts were done manu-
ally with a hemocytometer. Viability was determined by
trypan blue dye exclusion.
2.2. Western blot analysis
Whole cell lysates were solubilized in 2% SDS at 48, 72,
96 h of hyperoxia exposure. Protein concentrations were
determined using the Biorad DC protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Lysates were loaded and run
on a 12% SDS-polyacrylamide gel. Each protein gel
contained 25 Ag of protein per lane and transferred to
nitrocellulose and western blot analysis was performed
using either an anti-p21Waf1/Cip1/Sdi1 monoclonal antibody
(65961A, Pharmingen, San Diego, CA) or cyclin B1 poly-
clonal antibody (1:200 dilution) (sc-752, Santa Cruz). The
p21 antibody was used at concentrations of 1–2 Ag/ml as
recommended in 5% blotto, phosphate-buffered saline
(PBS) and 0.05% Tween overnight at 4 jC. The blots were
washed three times in PBS–Tween, incubated with a mouse
Ig, horseradish peroxidase-linked whole antibody (1:500
dilution) (RPN 2108, Amersham, Arlington Heights, IL)
or peroxidase-labeled anti rabbit antibody (1:2000 dilution)
Fig. 1. Growth of A549 cells in 60% oxygen with and without supplemental
glutamine. Cells were initially seeded at equal densities and supplemented
with 2 mM Gln or no Gln and grown in RA or 60% O2. The 2 mM Gln RA
cells had significantly greater numbers of cells at all time points when
compared to the 2 mM 60% O2, and Gln
 RA and O2 cells (*P < 0.04,
**P < 0.0001, ***P < 0.0001). The 2 mM Gln 60% O2 cells had
significantly greater numbers of cells than the Gln cells 60% O2 at 72
and 96 h (yP< 0.003 and zP < 0.001 respectively). Error bars represent
standard error of the mean, n= 4. Comparison of the means was done by
one-way ANOVA.
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cence (ECL) (RPN 2106; Amersham).
2.3. Fluorescence activated cell sorter (FACS) and flow
cytometry
The cell cycle distribution of cells, exposed to hyperoxia
or room air, was detected using a FACS and flow cytometry.
Cells received either no supplemental Gln or 2 mmol (mM)
Gln. All groups of A549 cells were stained similarly. Cells
were incubated in PBS containing 0.025% NP-40, propi-
dium iodide (100 Ag/ml) and ribonuclease (10 Ag/ml) on ice
for 30 min. Cells were then immediately counted using a
FACScan (Becton Dickinson) and analyzed with the pro-
gram Mod Fit LT (Verity).
2.4. Clonogenic survival assays
Clonogenic survival assays were performed by seeding
250 A549 cells in 60-mm dishes. Cells were placed in
either room air or 60% hyperoxia for 72 h and supple-
mented with different concentrations of Gln (0, 2 or 5
mM concentrations). While in hyperoxia, media was
changed daily. Cells were then placed in room air, the
media was changed and all cells were supplemented with
2 mM Gln. At 2 weeks, media was removed, cells were
stained with eosin and colonies of A549 cells were
counted per dish.
2.5. Glutathione quantification
T25 flasks were seeded equally (150,000) and measure-
ments of total glutathione (GSH) were performed on A549
cells exposed to 60% hyperoxia or room air for 72 h. Room
air cells were supplemented with 2 mM Gln. Cells exposed
to hyperoxia received either no supplemental Gln or 2 mM
Gln or were treated with L-buthionine-[S,R]-sulfoximine
(BSO) (0.25 mM) or (2 mM) N-acetyl cysteine (NAC) + 2
mM Gln. Cells were counted and equal numbers of cells
from both groups were processed for total glutathione
content. Cells were processed as recommended using the
Total Glutathione Quantification kit (cat. #T419-10, Dojindo
Molecular Technologies Inc., Gaithersburg, MD 20877).
The change in absorbance at 405 nm was measured at 20
min and the concentration of GSH was calculated against a
standard curve.
2.6. Statistical analysis
Statistical calculations were performed using the SPSS
8.0 statistical package for Windows (Chicago, IL). Differ-
ences in measured variables between experimental and
control groups were determined using comparison of the
means using a one-way ANOVA and Student’s t test (two-
tailed, unequal variance). Statistical difference was accepted
at P < 0.05.3. Results
3.1. Cell growth of A549 cells supplemented with and with-
out Gln in 60% hyperoxia
To determine the effect of supplemental glutamine on
cell growth in moderate hyperoxia, A549 cells were grown
in 60% hyperoxia (O2) or room air (RA) and were supple-
mented with either 2 mM Gln or no Gln (Gln) for 96 h.
Cells were counted at 48, 72 and 96 h. As expected, cells
kept in room air and supplemented with 2 mM Gln had
superior cell growth, compared to the other three groups of
cell (P < 0.04, P < 0.0001 and P < 0.0001 at 48, 72 and 96 h,
respectively) (Fig. 1). The 2 mM Gln cells in 60% O2,
however, had significantly greater numbers of cells at 72
and 96 h, compared to the Gln 60% O2 cells (P < 0.003
and P < 0.001, respectively). Although the 2 mM Gln cells
grew slower in 60% O2, compared to 2 mM RA cells, cell
numbers did not decrease with ongoing exposure to hyper-
oxia (up to 96 h). This is in contrast to what has been
reported in A549 cells exposed to 95% O2 for 96 h [14,25].
3.2. Cell cycle distribution of A549 cells supplemented with
and without Gln in 60% hyperoxia
Cells exposed to 95% O2 have been shown to undergo
growth arrest at several different checkpoints in the cell
cycle [1,35]. We therefore used flow cytometry to determine
the effect of 60% O2 and supplemental Gln on cell cycle
distribution. At 48 h, we found no significant differences in
the percentage of cells in G1, S or G2/M between 2 mM Gln-
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 cells,
however, both the RA and 60% O2-treated cells had an
increased percentage of cells in G1 and a decreased per-
centage of cells in S and G2/M, when compared to 2 mM
Gln cells in RA or 60% O2. This finding at 48 h suggests
that in the absence of supplemental Gln, A549 cells undergo
growth arrest at the G1 checkpoint.
At 72 and 96 h, the Gln 60% O2 cells, in contrast to the
Gln RA cells, had a significantly smaller percentage of
cells in G1 and a greater percentage of cells <G1 (apoptotic
cells) (Fig. 2b and c). This partial loss of G1 checkpoint
regulation with increased apoptotic cell death, at 72 and 96Fig. 2. Effect of 60% hyperoxia on cell cycle distribution of A549 cells suppleme
cells had a significantly greater percentage of cells in G1 compared to 2 mM Gln,
and Gln 60% O2 cells had a significantly smaller percentage of cells (**P< 0.0
phase, Gln RA and Gln 60% cells had a significantly smaller percentage of
respectively). (b) At 72 h, the Gln RA cells had a significantly greater percentag
P < 0.03, respectively). In G2/M phase, the Gln
 RA cells had a significantly sm
(**P < 0.001). Gln 60% O2 cells had a significantly greater percentage of cells <
Gln RA and O2 cells (***P< 0.01, P < 0.001, P< 0.04, respectively). (c) At 96 h
compared to both Gln RA and 2 mM Gln RA cells (*P< 0.002 and P < 0.008, res
cells <G1, compared to both Gln
 RA and 2 mM Gln RA cells (**P< 0.007 and P
Comparison of the means was done by one-way ANOVA.h in the Gln O2 cells, suggest that supplemental Gln
confers some degree of protection to A549 cells when
exposed to 60% O2.
3.3. Glutamine supplementation and GSH levels in A549
cells exposed to 60% hyperoxia
Glutathione (GSH) is an important intracellular anti-
oxidant that can protect against oxidative stress. Therefore,
we measured GSH levels in hyperoxic cells supplemented
with and without Gln to determine if supplemental Gln
improves cell growth during exposure to hyperoxia throughnted with and without glutamine. (a) At 48 h, Gln RA and Gln 60% O2
RA and O2 cells (*P< 0.001, P< 0.003, respectively). In S phase, Gln
 RA
5 and P< 0.006, respectively) than 2 mM Gln, RA and O2 cells. In G2/M
cells than 2 mM Gln RA and 60% O2 cells (***P < 0.002 and P < 0.01,
e of cells in G1 than either Gln
 O2 or 2 mM Gln O2 cells (*P < 0.01 and
aller percentage of cells than the Gln O2, and 2 mM Gln, RA and O2
G1 (apoptotic cells) compared to Gln
 RA, 2 mM Gln RA cells and 2 mM
, Gln 60% O2 cells had a significantly smaller percentage of cells in G1
pectively). Gln 60% O2 cells also had a significantly greater percentage of
< 0.003, respectively). Error bars represent standard error of the mean, n= 4.
Fig. 4. p21 protein levels in A549 cells treated with and without
supplemental glutamine in 60% and 95% hyperoxia. Equal amounts of
whole cell lysates from 2 mM Gln- and Gln-treated A549 cells exposed to
either 60% or 95% hyperoxia were loaded and run on a 12% SDS-
polyacrylamide gel. Cells exposed to 95% O2 and supplemented with 2 mM
Gln exhibited a marked increase in p21 protein at 24 and 48 h. No increase
in p21 protein was found in Gln 95% O2 cells. In 60% O2, no increase in
p21 protein expression was found in either 2 mM Gln supplemented or
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and 2 mM Gln 60% O2 +NAC cells had significantly higher
concentrations of GSH and greater number of cells at 72
h than 60% O2 Gln
 cells and 2 mM Gln 60% O2 +BSO
cells (Fig. 3a–b). These findings suggest that cells given
supplemental Gln during hyperoxia can increase their intra-
cellular GSH levels, and that the increased intracellular GSH
contributes to improved cell growth.
3.4. p21 protein levels in A549 cells exposed to 60% and
95% hyperoxia
We measured p21 protein levels in Gln and 2 mM
Gln A549 cells exposed to hyperoxia to determine if G1
growth arrest in Gln cells was associated with inductionFig. 3. Glutathione levels in A549 cells. (a) GSH concentrations were
measured at 72 h. 2 mM Gln 60% O2-treated A549 cells had significantly
higher GSH levels than 2 mM Gln RA, Gln 60% O2 cells, 2 mM Gln 60%
O2 BSO cells (*P< 0.0001, respectively) and 2 mM Gln 60% O2 NAC cells
( P< 0.04). 2 mM Gln 60% O2 cells treated with NAC had significantly
higher GSH levels than Gln 60% O2 cells and 2 mM Gln 60% O2 BSO
cells (**P < 0.003 and P< 0.0001, respectively). (b) A549 cells in 60%
hyperoxia were counted prior to measuring GSH levels. At 72 h the number
of viable 2 mM Gln 60% O2 cells and 2 mM Gln 60% O2 NAC cells was
significantly greater than the Gln 60% O2 and 2 mM Gln 60% O2 BSO
cells (*P < 0.05 and P < 0.001, respectively, and **P < 0.004 and
P < 0.0001, respectively). Error bars represent standard error of the mean,
n= 3. Comparison of the means was done by one-way ANOVA.
Gln cells.of p21 protein [36–38]. p21 is a well-described CDK
inhibitor involved in the regulation of G1 growth arrest
through its interactions with cyclin/cdk complexes [39].
We and others have reported that p21 was up-regulated in
the lung and in respiratory cells during exposure to 95%
O2 [1,11,13,35]. To determine if early induction of p21
occurs in Gln O2 cells, we measured p21 protein levels
in A549 cells that were either supplemented with or
without 2 mM Gln and exposed to either 60% or 95%
O2 for 15, 24 and 48 h. We found that p21 protein levels
were not increased in Gln cells at any time point in
either 60 or 95% O2. 2 mM Gln cells, in 60% O2, had no
increase in p21 but 2 mM Gln cells, in 95% O2, had a
marked increase in p21 protein levels at 24 and 48 h (Fig.
4). These findings suggest that p21 induction is not
involved in G1 growth arrest in Glu
 A549 cells exposed
to hyperoxia. p21 is, however, induced in 2 mM Gln
supplemented cells exposed to lethal levels (95%) hyper-
oxia. Although it is unclear what specific role p21
induction has on the cell cycle of cells exposed to 95%
hyperoxia, it has been postulated that it is involved in S
phase and G2/M regulation [1,35].
3.5. Cell growth of A549 cells in 60% hyperoxia sup-
plemented with high concentrations of Gln
We then evaluated the effect of different concentrations
of supplemental Gln (2, 5 and 10 mM Gln) on cell growth in
both RA and 60% O2. Gln
 cells grown in RA and 60% O2
had significantly fewer cells at 72 and 96 h when compared
to cells supplemented with 2, 5 or 10 mM Gln (Fig. 5a–b).
In cells supplemented with 2, 5 or 10 mM Gln and grown in
room air, there were no significant differences in cell
number at any time point. In 60% O2, however, cells
supplemented with 2 mM Gln had significantly fewer cells
at 96 h than 5 or 10 mM Gln O2 cells (P < 0.04). This
suggests that concentrations of supplemental Gln in excess
of 2 mM can further improve cell growth in cells exposed to
60% hyperoxia.
Fig. 6. Cyclin B1 levels in Glu-supplemented and Glu
 cells exposed to
60% oxygen. Equal amounts of whole cell lysates from Gln supplemented
and Gln A549 cells exposed to 60% O2 were loaded and run on a 12%
SDS-polyacrylamide gel. No differences in cyclin B1 protein expression
were found between cells receiving 2.5 and 10 mM Gln at 48, 72 and 96 h.
Cells receiving no supplemental Gln had a marked decrease in cyclin B1
levels at 72 and 96 h of 60% hyperoxia.
Fig. 7. Clonal survival of A549 cells after exposure to 60% hyperoxia.
Equal number of cells was seeded and then exposed to 60% O2 for 72 h.
Cells were placed in room air, supplemented with 2 mM Gln and colonies
were counted at 2 weeks. 2 mM RA cells had significantly greater number
of colonies than Gln or 2 mM Gln O2 cells (*P< 0.001 and P < 0.005,
respectively). 5 mM Gln O2 cells had significantly greater number of
colonies than Gln O2 cells (**P< 0.03). Error bars represent standard error
of the means, n= 3. Comparison of the means was done by one-way
ANOVA.
Fig. 5. The effect of different concentrations of supplemental glutamine on
cell growth. (a) In room air, cells supplemented with 2, 5 and 10 mM Gln
had significantly greater numbers of cells at 72 and 96 h than Gln RA cells
(*, **P< 0.0001). (b) In 60% O2, cells supplemented with 2, 5 and 10 mM
Gln had significantly greater numbers of cells at 72 and 96 h, compared to
Gln O2 cells (
yP< 0.002 at 72 h, zP < 0.01 for 2 mM, and P < 0.0001 for 5
and 10 mM Gln at 96 h). At 96 h, cells supplemented with 5 and 10 mM
Gln in 60% O2 had significantly greater numbers of cells than 2 mM Gln O2
cells (*P < 0.04). Error bars represent standard error of the means, n= 3.
Comparison of the means was done by one-way ANOVA.
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with different concentrations of Gln
As a marker of cell proliferation, cyclin B1 protein levels
were measured in cells supplemented with different con-
centrations of Gln and exposed to 60% O2 for 48, 72 and 96
h. Cyclin B1 levels were decreased in Gln
 60% O2 cells at
all time points (Fig. 6). In cells supplemented with 2, 5 or 10
mM Gln, cyclin B1 protein levels were similar throughout
the 96 h of exposure to 60% O2, indicating ongoing cell
proliferation at all time points.
3.7. Clonogenic survival in A549 cells exposed to 60%
hyperoxia and supplemented with different concentrations
of Gln
Clonogenic survival assays were performed to determine
the growth potential of A549 cells exposed to 60% O2 andsupplemented with different concentrations of Gln. Equal
number of cells were seeded and supplemented with either
no, 2 or 5 mM Gln and exposed to 60% O2 for 72 h (5 mM
Gln was used since 5 and 10 mM showed similar growth in
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with 2 mM Gln. After 2 weeks, A549 colonies were counted
(Fig. 7). We found that 2 mM Gln RA cells had significantly
greater number of colonies at 2 weeks compared to Gln
and 2 mM Gln O2 cells (P < 0.001 and P < 0.005, respec-
tively). Furthermore, 5 mM Gln cells had significantly
greater number of colonies than Gln O2 cells (P < 0.03).
These findings suggest that A549 cells have decreased cell
viability following exposure to 60% hyperoxia and that
higher supplementation of Gln appear to attenuate that
effect.4. Discussion
In the clinical setting of acute lung injury, efforts are
made to give patients the lowest concentration of supple-
mental oxygen needed, to avoid further lung injury. It is
unclear, however, what concentration of supplemental oxy-
gen given over what period of time is safe for the lung. In
our study using A549 cells, we have found that 60%
hyperoxia slows cell growth of A549 cells. This effect,
however, was partially attenuated by supplementing cells
with higher concentrations of glutamine.
Several studies have described the effect of moderate
hyperoxia on cell histology and function in the lung. One
study, in baboons exposed to 60% O2, described type 2
epithelial cell proliferation and chronic epithelial cell injury
[40]. Another study demonstrated increased hyper-respon-
siveness in the tracheal rings of newborn rats exposed to
50% hyperoxia [41]. Other researchers have found that
pulmonary macrophages developed impaired phagocytosis
with exposure to 40–60% hyperoxia [41]. These studies
suggest that moderate hyperoxia does have significant
effects on cell function.
In our study, 2 mM Gln supplemented cells had impaired
cell growth in 60% oxygen when compared to room air
cells, however, they did grow, albeit slowly, which is in
contrast to A549 cells exposed to 95% hyperoxia. Flow
cytometry in 2 mM Gln cells also showed that 60% hyper-
oxia did not cause significant growth arrest in epithelial
cells. In contrast, cells exposed to 95% hyperoxia have been
shown to demonstrate growth arrest at different checkpoints
including G1, S and G2/M [1,35,42]. We previously reported
that in 95% hyperoxia, 2 mM Gln A549 cells underwent
complete growth arrest, had decreased levels of cyclin B1
protein and decreased cell survival [14].
In our present study, Gln cells exposed to 60% hyper-
oxia responded more like 2 mM Gln cells exposed to 95%
O2. They exhibited growth arrest, decreased cyclin B1
levels and increased cell death. These findings suggest
that Gln supplementation protects A549 cells during peri-
ods of hyperoxia by increasing the threshold of oxygen
toxicity.
It has been well established that Gln is essential for
growth of many mammalian cells. We found, as have others,that in the absence of supplemental Gln, A459 cells did not
proliferate [14,25]. Other in vitro studies have also shown
that many mammalian cells need supplemental Gln to
proliferate [43–45]. In our present study, when O2 and
room air cells were not supplemented with Gln, minimal cell
growth occurred. Furthermore, Gln cells demonstrated G1
growth arrest at 48 h, in both O2 and room air cells.
Induction of p21 protein, however, did not occur in Gln
cells, indicating that p21 is not associated with G1 growth
arrest in Gln-deficient cells and that G1 checkpoint regula-
tion is occurring through an alternative pathway.
Glutamine has also been shown to be associated with
increased levels of glutathione (GSH), an essential anti-
oxidant in the cell. Since Gln is a precursor of GSH and
certain disease conditions are associated with decreased
GSH levels, supplementing with higher levels of Glu during
periods of oxidative stress may enhance GSH levels, thus
reducing oxidative stress and injury [43]. We found that
GSH levels were increased in 2 mM Gln cells exposed to
60% O2, compared to Gln
 cells in O2. This suggests that
supplemental Gln attenuates oxygen toxicity at least partial-
ly through the induction of GSH.
When cells exposed to 60% O2 were supplemented with
Gln concentrations greater than 2 mM (5 and 10 mM Gln),
cell growth was increased. These findings are consistent
with higher levels of glutamine (>2 mM) conferring
additional protection to A549 cells in 60% O2. Higher
concentrations of supplemental Gln (>2 mM) also appear
to increase cell viability. We found, using clonogenic
survival studies, that A549 cells supplemented with 5
mM Gln and exposed to 72 h of 60% O2 had a greater
percentage of surviving clones at 2 weeks than Gln cells
exposed to 60% O2. Therefore, higher supplemental Gln
appear to enhance cell growth and cell viability in 60%
hyperoxic conditions.
Glutamine, during periods of stress, may incur cellular
protection through other mechanisms, in addition to induc-
tion of GSH levels in the cell. Gln has been shown to have a
protective effect through enhancement of heat shock pro-
teins (HSPs) [46,47]. Gln may also be used as an alternate
energy source during periods of stress. In type 2 epithelial
cells isolated from fetal rat lung, Gln was shown to be a
major energy source for the cells [48]. Recently it has also
been suggested that Gln metabolism may affect the pH of
epithelial cell fluid in the airways through the buffering
effect of ammonia [49].
In summary, 60% hyperoxia adversely affects cell growth
in A549 cells. The effect of 60% hyperoxia on cell growth,
however, is partially but not completely attenuated by
increasing the concentration of Gln in cell media. The
beneficial effect of Gln supplementation in 60% O2 exposed
cells may be secondary to increased GSH levels. These
findings suggest that Gln supplementation may be protec-
tive and may increase cell proliferation and viability in
clinical situations in which the lung is exposed to toxic
levels of oxygen.
F. Ogunlesi et al. / Biochimica et Biophysica Acta 1688 (2004) 112–120 119Acknowledgements
The authors would like to thank Dr. Saul Brusilow for his
insight and useful discussions. This work was supported by
The W. Bryan Fund.References
[1] J.S. Shenberger, P.S. Dixon, Oxygen induces S-phase growth arrest
and increases p53 and p21 (WAF1/CIP1) expression in human bron-
chial smooth-muscle cells, Am. J. Respir. Cell Mol. Biol. 21 (3)
(1999) 395–402.
[2] L.L. Mantell, S. Horowitz, J.M. Davis, J.A. Kazzaz, Hyperoxia-in-
duced cell death in the lung—the correlation of apoptosis, necrosis,
and inflammation, Ann. N.Y. Acad. Sci. 887 (1999) 171–180.
[3] V.L. Kinnula, L. Chang, J.I. Everitt, J.D. Crapo, Oxidants and anti-
oxidants in alveolar epithelial type II cells: in situ, freshly isolated,
and cultured cells, Am. J. Physiol. 262 (1 Pt 1) (1992) L69–L77.
[4] B.B. Warner, L.A. Stuart, R.A. Papes, J.R. Wispe, Functional and
pathological effects of prolonged hyperoxia in neonatal mice, Am.
J. Physiol. 275 (Pt 1) (1998) L110–L117.
[5] W.R. Franek, S. Horowitz, L. Stansberry, J.A. Kazzaz, H.C. Koo, Y.
Li, et al., Hyperoxia inhibits oxidant-induced apoptosis in lung epi-
thelial cells, J. Biol. Chem. 276 (1) (2001) 569–575.
[6] C. Michiels, M. Raes, O. Toussaint, J. Remacle, Importance of Se-
glutathione peroxidase, catalase, and Cu/Zn-SOD for cell survival
against oxidative stress, Free Radic. Biol. Med. 17 (3) (1994)
235–248.
[7] Y.S. Ho, R. Vincent, M.S. Dey, J.W. Slot, J.D. Crapo, Transgenic
models for the study of lung antioxidant defense: enhanced manga-
nese-containing superoxide dismutase activity gives partial protection
to B6C3 hybrid mice exposed to hyperoxia, Am. J. Respir. Cell Mol.
Biol. 18 (4) (1998) 538–547.
[8] P. Pietarinen, K. Raivio, R.B. Devlin, J.D. Crapo, L.Y. Chang, V.L.
Kinnula, Catalase and glutathione reductase protection of human al-
veolar macrophages during oxidant exposure in vitro, Am. J. Respir.
Cell Mol. Biol. 13 (4) (1995) 434–441.
[9] W.R. Rice, M. Burhans, J.R. Wispe, Effect of oxygen exposure on
ATP content of rat bronchoalveolar lavage, Pediatr. Res. 25 (4) (1989)
396–398.
[10] W.G. Schoonen, A.H. Wanamarta, J.M. van der Klei-van Moorsel, C.
Jakobs, H. Joenje, Hyperoxia-induced clonogenic killing of HeLa
cells associated with respiratory failure and selective inactivation of
Krebs cycle enzymes, Mutat. Res. 237 (3–4) (1990) 173–181.
[11] M.A. O’Reilly, R.J. Staversky, R.H. Watkins, W.M. Maniscalco, Ac-
cumulation of p21(Cip1/WAF1) during hyperoxic lung injury in mice,
Am. J. Respir. Cell Mol. Biol. 19 (5) (1998) 777–785.
[12] C. Barazzone, S. Horowitz, Y.R. Donati, I. Rodriguez, P.F. Piguet,
Oxygen toxicity in mouse lung: pathways to cell death, Am. J. Respir.
Cell Mol. Biol. 19 (4) (1998) 573–581.
[13] S.A. McGrath, Induction of p21WAF/CIP1 during hyperoxia, Am. J.
Respir. Cell Mol. Biol. 18 (2) (1998) 179–187.
[14] S.A. McGrath-Morrow, J. Stahl, Inhibition of glutamine synthetase in
a549 cells during hyperoxia, Am. J. Respir. Cell Mol. Biol. 27 (1)
(2002) 99–106.
[15] A.K. Balin, A.J. Fisher, D.M. Carter, Oxygen modulates growth of
human cells at physiologic partial pressures, J. Exp. Med. 160 (1)
(1984) 152–166.
[16] A.K. Balin, B.P. Goodman, H. Rasmussen, V.J. Cristofalo, The ef-
fect of oxygen tension on the growth and metabolism of WI-38
cells, J. Cell. Physiol. 89 (2) (1976) 235–249.
[17] A.K. Balin, L. Pratt, Oxygen modulates the growth of skin fibroblasts,
In Vitro Cell. Dev. Biol., Anim. 38 (5) (2002) 305–310.
[18] A.K. Balin, L. Pratt, R.G. Allen, Effects of ambient oxygen concen-tration on the growth and antioxidant defenses of human cell cultures
established from fetal and postnatal skin, Free Radic. Biol. Med. 32
(3) (2002) 257–267.
[19] O. Toussaint, E.E. Medrano, T. von Zglinicki, Cellular and molecular
mechanisms of stress-induced premature senescence (SIPS) of human
diploid fibroblasts and melanocytes, Exp. Gerontol. 35 (8) (2000)
927–945.
[20] A.R. Oller, C.W. Buser, M.A. Tyo, W.G. Thilly, Growth of mamma-
lian cells at high oxygen concentrations, J. Cell Sci. 94 (Pt 1) (1989)
43–49.
[21] A.K. Tanswell, M.G. Tzaki, P.J. Byrne, Hormonal and local factors
influence antioxidant enzyme activity of rat fetal lung cells in vitro,
Exp. Lung Res. 11 (1) (1986) 49–59.
[22] G. Hayatdavoudi, J.J. O’Neil, B.E. Barry, B.A. Freeman, J.D. Crapo,
Pulmonary injury in rats following continuous exposure to 60% O2
for 7 days, J. Appl. Physiol. 51 (5) (1981) 1220–1231.
[23] J.M. Clark, Effects of acute and chronic hypercapnia on oxygen tol-
erance in rats, J. Appl. Physiol. 50 (5) (1981) 1036–1044.
[24] G. Lukaszewicz, S.F. Abcouwer, B.I. Labow, W.W. Souba, Gluta-
mine synthetase gene expression in the lungs of endotoxin-treated
and adrenalectomized rats, Am. J. Physiol. 273 (6 Pt 1) (1997)
L1182–L1190.
[25] S. Ahmad, C.W. White, L.Y. Chang, B.K. Schneider, C.B. Allen,
Glutamine protects mitochondrial structure and function in oxygen
toxicity, Am. J. Physiol., Lung Cell. Mol. Physiol. 280 (4) (2001)
L779–L791.
[26] T. Higashiguchi, P.O. Hasselgren, K. Wagner, J.E. Fischer, Effect of
glutamine on protein synthesis in isolated intestinal epithelial cells,
JPEN. J. Parenter. Enteral Nutr. 17 (4) (1993) 307–314.
[27] G. Capano, K.J. Bloch, E.A. Carter, J.A. Dascoli, D. Schoenfeld,
P.R. Harmatz, Polyamines in human and rat milk influence intestinal
cell growth in vitro, J. Pediatr. Gastroenterol. Nutr. 27 (3) (1998)
281–286.
[28] G.K. Grimble, O.M. Westwood, Nucleotides as immunomodulators in
clinical nutrition, Curr. Opin. Clin. Nutr. Metab. Care 4 (1) (2001)
57–64.
[29] Z. Kovacevic, D. Jerance, O. Brkljac, The role of glutamine oxidation
and the purine nucleotide cycle for adaptation of tumour energetics to
the transition from the anaerobic to the aerobic state, Biochem. J. 252
(2) (1988) 381–386.
[30] H.R. Zielke, C.L. Zielke, P.T. Ozand, Glutamine: a major energy
source for cultured mammalian cells, Fed. Proc. 43 (1) (1984)
121–125.
[31] H.R. Zielke, P.T. Ozand, J.T. Tildon, D.A. Sevdalian, M. Cornblath,
Reciprocal regulation of glucose and glutamine utilization by cultured
human diploid fibroblasts, J. Cell. Physiol. 95 (1) (1978) 41–48.
[32] M. Donnelly, I.E. Scheffler, Energy metabolism in respiration-defi-
cient and wild type Chinese hamster fibroblasts in culture, J. Cell.
Physiol. 89 (1) (1976) 39–51.
[33] O.D. Saugstad, Bronchopulmonary dysplasia-oxidative stress and
antioxidants, Semin. Neonatol. 8 (1) (2003) 39–49.
[34] O.D. Saugstad, Update on oxygen radical disease in neonatology,
Curr. Opin. Obstet. Gynecol. 13 (2) (2001) 147–153.
[35] S.A. McGrath-Morrow, J. Stahl, Growth arrest in A549 cells during
hyperoxic stress is associated with decreased cyclin B1 and increased
p21(Waf1/Cip1/Sdi1) levels, Biochim. Biophys. Acta 1538 (1) (2001)
90–97.
[36] N. Bissonnette, D.J. Hunting, p21-induced cycle arrest in G1 protects
cells from apoptosis induced by UV-irradiation or RNA polymerase II
blockage, Oncogene 16 (26) (1998) 3461–3469.
[37] M.L. Agarwal, A. Agarwal, W.R. Taylor, G.R. Stark, p53 controls
both the G2/M and the G1 cell cycle checkpoints and mediates re-
versible growth arrest in human fibroblasts, Proc. Natl. Acad. Sci. U.
S. A. 92 (18) (1995) 8493–8497.
[38] S.A. McGrath-Morrow, J.L. Stahl, G(1) Phase growth arrest and in-
duction of p21(Waf1/Cip1/Sdi1) in IB3-1 cells treated with 4-sodium
phenylbutyrate, J. Pharmacol. Exp. Ther. 294 (3) (2000) 941–947.
F. Ogunlesi et al. / Biochimica et Biophysica Acta 1688 (2004) 112–120120[39] A.L. Gartel, M.S. Serfas, A.L. Tyner, p21-negative regulator of the
cell cycle, Proc. Soc. Exp. Biol. Med. 213 (2) (1996) 138–149.
[40] J.D. Crapo, G. Hayatdavoudi, M.J. Knapp, P.J. Fracica, W.G. Wolfe,
C.A. Piantadosi, Progressive alveolar septal injury in primates ex-
posed to 60% oxygen for 14 days, Am. J. Physiol. 267 (6 Pt 1)
(1994) L797–L806.
[41] D. Denis, M.J. Fayon, P. Berger, M. Molimard, M.T. De Lara, E.
Roux, et al., Prolonged moderate hyperoxia induces hyperresponsive-
ness and airway inflammation in newborn rats, Pediatr. Res. 50 (4)
(2001) 515–519.
[42] R.C. Rancourt, R.J. Staversky, P.C. Keng, M.A. O’Reilly, Hyperoxia
inhibits proliferation of Mv1Lu epithelial cells independent of TGF-
beta signaling, Am. J. Physiol. 277 (6 Pt 1) (1999) L1172–L1178.
[43] E. Roth, R. Oehler, N. Manhart, R. Exner, B. Wessner, E. Strasser, et
al., Regulative potential of glutamine—relation to glutathione metab-
olism, Nutrition 18 (3) (2002) 217–221.
[44] S.F. Abcouwer, C. Schwarz, R.A. Meguid, Glutamine deprivationinduces the expression of GADD45 and GADD153 primarily by
mRNA stabilization, J. Biol. Chem. 274 (40) (1999) 28645–28651.
[45] Y.J. Kang, Y. Feng, E.L. Hatcher, Glutathione stimulates A549 cell
proliferation in glutamine-deficient culture: the effect of glutamate
supplementation, J. Cell. Physiol. 161 (3) (1994) 589–596.
[46] P.E. Wischmeyer, Glutamine and heat shock protein expression, Nu-
trition 18 (3) (2002) 225–228.
[47] P.E. Wischmeyer, M.W. Musch, M.B. Madonna, R. Thisted, E.B.
Chang, Glutamine protects intestinal epithelial cells: role of inducible
HSP70, Am. J. Physiol. 272 (4 Pt 1) (1997) G879–G884.
[48] R.E. Fox, I.B. Hopkins, E.T. Cabacungan, J.T. Tildon, The role of
glutamine and other alternate substrates as energy sources in the fetal
rat lung type II cell, Pediatr. Res. 40 (1) (1996) 135–141.
[49] J.F. Hunt, E. Erwin, L. Palmer, J. Vaughan, N. Malhotra, T.A. Platts-
Mills, et al., Expression and activity of pH-regulatory glutaminase in
the human airway epithelium, Am. J. Respir. Crit. Care Med. 165 (1)
(2002) 101–107.
